SUMMARY

Two indirect arterial pressure monitors, the Finapres and the Accutorr, were investigated and compared with the direct measurement of intraarterial pressure. Pressures in patients in a variety of circulatory states were measured and analysed in relation to two types of random error: first, the "intra-individual standard error" (within one session of measurement) and second, the "inter-individual standard error" (between sessions). (This distinction is important, since in routine monitoring
ACC, as compared with direct intra-arterial measurements. Simultaneous measurements with all three methods were obtained to guarantee truly comparable data. Because two methods are continuous, while the measurement of the ACC is spread over several heart beats, special precautions were made to obtain such simultaneous data.
PATIENTS, MATERIALS AND METHODS
Patients
To provide a wide range of arterial pressure measurements, patients were selected who had to undergo major surgery or were in unstable circulatory balance in the intensive care unit. All patients required intra-arterial cannulation for reasons of the surgery or critical care itself. No selection was made for sex, age or weight of the patients, but precautions were taken to adapt the cuff size to the recommended cuff:arm circumference ratio. The patients were divided in three groups: (1) Twenty patients undergoing major general surgery; in most instances the operations lasted several hours. (2) Five patients undergoing open-heart surgery, studied before, during and after by pass. (3) Seven patients treated in intensive care units. The results of the latter two series of patients were used for judging the usefulness of the instruments in these circumstances, not to obtain information about accuracy; under these circumstances it was impossible to acquire sufficient valid data simultaneously from all three instruments. Statistical analysis has been restricted to the first series of 20 patients.
The instruments
In order to acquire comparable data for the various instruments, we performed our study by making simultaneous measurements with three instruments which are based on different principles:
Intra-arterial line (IAL) . The combination of a Hewlett-Packard 78205 pressure monitor, a Statham P23 ID transducer together with a Kritoflow Catheter and a 20-gauge Teflon cannula was used. An Allen-test was performed to guarantee sufficient blood flow after insertion of the cannula in the radial artery (Husum and Berthelsen, 1981) .
Accutorr. The ACC is a fully automated occlusion oscillometer (Datascope), the principle of which has been described previously (Ramsey, 1979) . It detects the pressure waves in the arm cuff as a function of a continuously decreasing cuff pressure. The complete pressure decrease in the cuff during one measurement only takes 15-20 s, except in cases during which motion artefacts are detected. The apparatus is operated by a microprocessor and has a built-in printer operating in three basic modes: (a) "Print", in which every reading (1-, 2-or 5-min intervals, or manually induced) of systolic, diastolic and mean pressures, and heart rate is printed.
(b) "Trend", in which a diagram is plotted as a trend in time; motion artefacts are also indicated. (c) "Verify", where an amplitude diagram is drawn for each reading of the pressure-waves in the cuff as a function of cuff pressure.
Finapres. The Finapres (derived from FINger Arterial PRESsure) is an instrument developed by TNO (Utrecht, The Netherlands) and Ohio Medical Products (Madison, Wisconsin, U. S. A.) on a principle described first by Penaz (1973) . It uses a finger cuff in which a photo-plethysmograph is built, measuring the absorption at a wavelength (infra-red) quite specific for arterial blood. It is fully automated by a microprocessor. It operates in two basic modes. One mode, "lock adjust", is used to verify, during one single heart beat, the plethysmograph light level for which the arterial wall is "unloaded" (transmural pressure = 0). In the other mode, in which it actually measures, a feed-back loop varies the cuff pressure around the finger to prevent the plethysmograph light level from deviating from the value determined in the "lock adjust" mode. In this mode the cuff pressure accurately reflects the pressure in the finger artery. Automatically, the instrument switches back to "lock adjust" every 20th heart beat to verify the light level to be locked on. If the instrument detects any difficulties, or has to make rather large changes in the light level, it will repeat the "lock adjust" procedure every 4th beat until stability is achieved. A session is started by an initial procedure of step-wise increases in pressure to detect the value of pressure for which the photo-plethysmograph measures maximum amplitudes and from which data the light level, for which the transmural pressure equals zero, is calculated. This level is then used during measurements as the reference for the feed-back system, until its value is updated in a "lock adjust" period.
The instrument is supplied with an alpha numerical LCD, which shows digital readings of heart rate, systolic, diastolic and mean arterial pressures, as well as error messages. Further description of the principle of this particular instrument is given by Penaz (1973) and Wesseling and colleagues (1982) . Smith, Wesseling and de Wit (1983) reported on its performance.
Calibration of all transducers was performed previously in the laboratory.
Analysis of data
Most studies of arterial pressures are performed by comparing any new method of measurement with FlG. 1. Experimental procedure and description of apparatus. Arterial pressure was measured by three instruments, IAL, FIN and ACC. The output signals of all instruments were recorded on an eight-channel magnetic tape recorder (g). Two instruments, IAL and FIN, supplied analogue signals while the serial signals of ACC were recorded as well as the analogue signal of the pressure of the upper arm cuff (a). The analogue signal of the temperature monitor (f) and messages spoken into the microphone (h) were taped as well. An air pump (d) supplied the main air pressure for the FIN. This pressure was reduced to the desired value by a very fast reduction valve built in a small box (c) mounted close to the finger cuff (b). The upper arm cuff of ACC was placed on one arm; the IAL and FIN were always measured from the other arm. The resulting right-left differences will have contributed to the inter-individual variances, but would not have affected the correlation coefficients.
intra-arterial pressure, the latter being commonly accepted as the "true" arterial pressure (Bruner et al., 1981; Hutton and Prys-Roberts, 1982) . However, an intra-arterial reading suffers from its own errors as a result of various factors: (1) pressure changes by flow velocity alterations* (Bernouilli's Law) or turbulence; (2) damping of the waveform by high compliance of the conducting lines (air bubbles), malpositioning of the cannula tip, or blood clotting; (3) malpositioning of the pressure trans-*The size of this error is commonly underestimated. Under extreme circumstances of high cardiac output and peripheral dilatation, the pulsatile flow in the radial artery may produce considerable increases (at the tip of the cannula) or decreases (along the side of the cannula) in the intra-arterial systolic pressure recorded. ducer with respect to the level of the right atrium (the same error applies to the FIN, while for the ACC there is a comparable error in the level of the arm cuff). Furthermore, these errors are not expected to be constant over the period of monitoring during an operation; they can change as a result of movements and alteration of the vascular state. Therefore, we devised an experimental programme in which all three methods, including the IAL, were investigated simultaneously. We chose three simultaneous measurements because it provided the opportunity to obtain more information on the individual instruments. ously: the analogue pressure signals of the IAL, FIN cuff, ACC cuff, and a analogue temperature signal from a thermometer connected to the tip of the finger supplied with the FIN cuff. This recorder also recorded the signals from a microphone to synchronize measurements and messages on calibrations, change in the position of patient or other events, as well as serial signals (baud rate 300 BPS) of the ACC representing heart rate and the various pressure readings.
The first few minutes of each recording were used to record calibration signals for the computer corresponding to 200, 100 and 0 mm Hg. After the calibration period, the analogue signal of the pressures and other signals were recorded continuously with only brief interruptions for blood sampling and subsequent flushing or calibration. Calibration signals were automatically repeated every hour by the FIN.
Further analysis took place in four steps: data acquisition, pressure calculation, correction for level differences (if applicable) and statistical analysis.
Data acquisition. Recordings were played back to a MINC-computer (PDP 11/23 with RSX-11M operating system) with analogue-to-digital convertor, while the serial signals of the ACC were read into one of its terminal input interfaces. Three analogue signals, the cuff pressures of both FIN and ACC, and the pressure signal of the IAL were sampled with 100 Hz. Sampling started when the ACC cuff pressure increased and stopped when its pressure decreased to less than 25 mm Hg. The serial data of the ACC together with the digitized pressures were stored for later analysis in one single file.
Pressure calculation. After calibration of the three pressure signals, the computer carefully selected the heart beats closest to the crossing of the pressure readings of the ACC and its cuff pressure, and calculated the corresponding pressures for the IAL and the FIN. For instance, in figure 2 the maximum pressures of beat 12 were calculated, the means of beat 17, and the minima of beat 23 to select, carefully, simultaneous readings of equivalent pressure types with all three instruments. Precautions were made to discard noisy signals caused by diathermy and to omit those beats during which the FIN was in the "lock adjust" mode ( fig. 2) . The calculated data, together with the ACC readings, were stored to be analysed statistically in the next step. If corrections had to be made because of differences in the level of the transducers with respect to the right atrium, they took place at this stage.
Statistical analysis. The usual premise that the intra-arterial line measures without error was avoided. The analysis, based on linear relations between all individual methods, split the errors into two-an inter-individual as well as an intra-individual error. The reason for this is found in the internal structure of the data. The regression line in figure 3 A is the regression line through the data of all patients simultaneously acquired by IAL and FIN. The two envelopes of data correspond to the data of two individual patients from these series. From this figure it is clear that the intra-individual variation is much smaller than the total variation. Therefore we made a distinction between the two types of error as indicated in figure 3B : the width of an envelope of a particular patient was determined by the intra-individual standard error (6), and the position of the individual envelope within the envelope of all data by the inter-individual standard deviation (A). We assumed both types to be randomly distributed in the analysis.
The analysis was based on the assumption that all three instruments were measuring variables linearly related to the same basic value. Here the basic value might be defined as the pressure in the left ventricle. ACC measures a phenomenon related to the brachial arterial pressure in the right arm and measures a value that will be linearly related to this basic value. Naturally, the same holds for the finger arterial pressure in the left arm measured by the FIN.
At first, linear regression was performed on observations of pairs of methods, obtained in individual patients, separately for systolic, diastolic and mean pressures. Thus, we were able to obtain for each patient, and for each pressure, three correlation coefficients (CC) describing the correlation of data obtained in exactly the same circumstances at exactly the same time. By comparing, for example, first IAL and FIN and then IAL and ACC, and restricting ourselves to one measurement session (A is constant) we concluded, from a decreasing CC, that ACC correlates less with the desired value than does FIN. This analysis enabled us to rank the performance of the three methods for each individual patient and each individual pressure. It also allowed us to obtain an estimate of the intra-individual standard errors (5 of each method) for the particular combination of patient and instrument during a monitoring session. A high CC represented correlation and occurred only when both instruments followed the phenomena in a reproducible way (small 5). It does not prove absolute accuracy. The latter was determined (next to the regression coefficients) by both 5 and A, the first of which, the "intra-individual" error, was obtained from the analysis of individual data. The second, A, or "inter-individual" error, was obtained in a similar way, taking the measurements of all patients into account. The II   FIG. 3 . Internal structure of the data. A: Actual (systolic) data of two patients as measured by FIN and IAL (division marks at 100 mm Hg). The regression line was calculated on the integral set of data obtained from 20 patients in the operating room. B: Schematic explanation of the structure in these data. All observations are scattered within a big envelope surrounding all measurements. The two smaller envelopes, surrounding the data of two individual patients, within the first, show that the intra-individual variance was much smaller than the total variance. The scatter within an individual envelope around its main axis is determined by the two intra-individual errors 6i and &n. The scatter of individual envelopes is related to the inter-individual errors Ai and A n . (table I) . Regression lines (with 95% confidence limits) as well as measured data are depicted for pairs of instruments. From a narrowing data envelope (or from narrowing confidence limits) we concluded that the contribution of the intra-individual errors was diminishing compared with the variations of the pressure. In this case, clearly, the variance resulting from the ACC is larger than those of FIN and IAL.
mathematics of the calculation of these errors is summarized in the Appendix.
The term "intra-individual" error is used because it does not contain systematic (this is, constant within a single session) errors introduced by the particular combination of arm, cuff and transducer. For
TABLE I. Linear regression analysis of arterial pressures. Results of linear regression on data of systolic arterial pressures (mm Hg) from five of 20 patients in the operating room. Pat. No. =Patient identification. CC=Correlation coefficient. N=Number of triplet measurements. I-F=Correlation coefficient for data of IAL and FIN; I-A=same, IAL and ACC; F-A=same, FIN and ACC. Ranks=Performance ranks according to CC. SDi=Estimation value ofb of IAL; SDfofFIN, SDa of ACC. Numbers are rounded to integer values. At the bottom of each part, ranges and averages of the integral data-set of 20 patients are listed for each instrument. * Indicates that analysis of variances only supplied upper limits (see appendix)
Pat. this session-dependent type we use the term "interindividual" error. The inter-individual errors show up in the level-differences of the centres of gravity of the individual envelopes in figure 3 . Figure 4 depicts the results of the regression analysis of the systolic data of a particular patient (No. 3 in table I). A decreasing CC is indicated by a narrowing of the envelope and confidence limits of the data.
RESULTS
Linear regression analysis
The calculated data of the pair-wise regression analysis of the first five patients in the operating room are presented in table IA, B and C, containing all CC, the ranks (summarized in table HA), the ranges of the pressures, and the calculated intraindividual standard error (5). If the standard error could not be solved directly, as indicated by *, upper limits are given. In table III the resulting averages of intra-individual and inter-individual standard deviations (expectation value of A) are given.
High and low arterial pressure ranges
To get an impression of the behaviour of the instruments in more extreme conditions, we selected as high arterial pressure data those for which the systolic arterial pressure readings of the IAL were 135 mm Hg or greater, and analysed these separately. In this way seven of the patients studied in the operating room supplied sufficient measurements for analysis. Similarly, we selected data below 100 mm Hg systolic IAL and analysed these to judge the behaviour of the instruments at low pressures. Here, 14 patients supplied enough data for analysis.
Finger temperature, as measured on the skin of the fingertip beyond the FIN cuff, was below 25 °C in 11 patients. To test the performance of the FIN under conditions of hypothermia of the finger, we also selected data in the low pressure range for these patients.
The results of the calculated ranks in these extreme situations are summarized in table IIB, C andD.
Open heart surgery and intensive care unit
To obtain an opinion of the usefulness of these instruments under these circumstances, we studied separately some patients undergoing open-heart surgery and some in recovery rooms and intensive care units. These circumstances were such that use of the statistical analysis applied to the general surgical group was not appropriate; for most patients in this group we found it difficult to acquire enough simultaneous measurements, as a result of motion artefacts (recovery or intensive care unit), blood sampling, diathermy and perfusion (open-heart surgery).
Although an extensive presentation of data for the group of patients undergoing heart surgery and those receiving recovery room intensive care is not feasible, some interesting experiences emerge from them with regard to the FIN. In figure 5 we show an example during open heart surgery. It can be seen that very irregular patterns of pressure waves were very well followed by the FIN, even during the perfusion. After perfusion the normal patterns return in the IAL as well as in the FIN. Figure 6 shows systolic "spikes" of almost 180 mm Hg in a patient undergoing open heart surgery. It indicates that, 
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although in the beginning the Fin had problems adjusting the feed-back amplification to suppress oscillation, nevertheless, it was able to follow very rapid variations in pressure. In preliminary experiments we found that these oscillation problems were less severe when cuff dimensions are selected carefully to match the finger. This phenomenon will be the subject of a subsequent study.
200-,
DISCUSSION
Some basic preliminary considerations
The ACC detects pressure waves, which are small when the cuff is inflated to a pressure near the systolic or diastolic values and maximal when the cuff pressure is near the mean pressure. It detects systole when the waves appear above the noise, and diastole However, (B) shows that, after a few minutes, FIN was able to follow the fast pressure changes well.
when the waves disappear in the noise. Theoretically, therefore, ACC will provide low systolic values, especially for bad signal:noise ratios as, for instance, when the cuff is poorly positioned. For the same reason diastolic values would read too high. One expects also that the mean-pressure reading of this instrument will be more reproducible than either systolic or diastolic values. The FIN registers the pressure in a more distal position than the IAL. Therefore all three pressures are expected to be proportionally lower.
The anaesthetist is dealing with an individual patient and requires a pressure registration that is both accurate and rapid in its response to changes in the real arterial pressure. The accuracy is determined mostly by the intra-individual variance. The absolute level at which the apparatus measures and the variation of this level from patient to patient, expressed in the inter-individual error, is less important during a single anaesthetic.
Correlation coefficients
As the correlation coefficients indicate the accuracy with which the instruments follow the variations in the real arterial pressure in comparison with the random errors superimposed on them, consideration of the regression coefficients (a and b in the equation: y = ax + b) becomes less important. A correlation coefficient close to 1 means that both instruments follow the variations present. An offset (b) or a proportional error (a not equal to 1) are systematic and can be taken into account or corrected for. From tables II and HI we conclude that, on average, the accuracy of measuring intra-individual pressure variations is in the order: IAL > FIN > ACC.
Special attention was paid to those sessions in which ACC functioned more accurately than did the FIN. In most instances it showed that there were difficulties with the positioning of the FIN cuff, and subsequent problems in obtaining an adequate plethysmogram. In these circumstances the FIN gave messages such as "Locked on low plet" or "No plet detected". It is likely that this type of problem can be avoided by the use of a cuff the dimensions of which are more appropriate to those of the finger. We had only one cuff size available at the time of the experiements.
High and low pressure ranges, and hypothermia
As can be concluded from table IIB, the order of accuracy of detecting intra-individual variations in the high pressure range (systolic arterial pressure between 135 and 220 mm Hg) was: IAL > FIN > ACC. The same held for low pressure ranges (table IIC) and the combination of low pressure and  hypothermia (table IID) . CONCLUSION We have tested two new automatic arterial pressure monitors for accuracy and applicability in clinical situations against intra-arterial measurement. In the analysis we did not start from the (usual) premise, that the intra-arterial measurement is without error, but we calculated the various errors for all three instruments. It shows that the error of the intra-arterial measurement in most instances is very small, confirming that this method can usually be treated as the standard.
The ACC is a reasonably accurate oscillometer with two advantageous features: it is simple to use; fully automated, with build-in printer and display; and it is safe to the patient; the inflation period has been shortened to only 15-20 s.
The FIN is an even more accurate device that can replace intra-arterial measurements in many istances. Because it is fully automated, it is simple, accurate and (for the anaesthetist) has the advantage of supplying the full analogue pressure curve, which can be displayed on an oscilloscope.
From table III it follows that the overall accuracy of the two instruments was about the same (95% confidence levels ± 1 5 mm Hg for FIN and ± 12.5 mm Hg for ACC), but that the FIN was more accurate in following pressure changes within a session (95% confidence limits for FIN are ± 7.5 for comparison of two individual measurements within a single session or ± 2.5 if "average" mode was selected, compared with ± mm Hg for ACC). The latter data were obtained over periods of several hours; short-term variations were followed by FIN within 1 mm Hg. However, there was a pressure decrease as compared with intra-arterial measurements, as a result of the peripheral position of the FIN cuff. The inter-individual variaiton of this pressure decrease contributes to the reported inter-individual error. Except for extreme situations (fig. 5) these differences are small.
APPENDIX
We describe a system of three different measurements A, B and C linearly related to the same "basic" quantity X (e.g. the pressure in the left ventricle):
with similar relations for B and C.
The regression coefficients m a and A o are those obtained in a normal linear regression analysis, X being the independent and errorless variable. Here i indicates a measurement number; n is a patient index, while A is an individual offset introduced by the particular combination of patient and method while 6 is the residual intra-individual random error (see also fig. 3 ).
The relations (1) imply mutual linear relations between A, B and C:
In (2), A and 5 are composites of the A and 5 in (1). The deviations from a regression line (e.g. for A and B) are therefore the result of errors in both methods and distinction can hardly be made as to which of the two is contributing most (Himmelblau, 1970) . Combining the measurements of three methods makes distinction simpler.
Remaining within the data of one particular patient (n) and session (A is constant) we may write for the variances of X and A: 
denoting o for the standard error of the intra-individual residuals 6. The first term at the right hand side of (4) expresses the variance resulting from the variation of X transformed by its correlation with /I. The ratio of the two terms in (4) expresses the reproducibility of measurements with method A for this particular patient.
For the CC of data of this patient one finds, using the absence of correlation between variations of X and 6: 
Substituting A n for A ni and A, the average of all measurements of all patients, for A n in the formulae above results in estimates of the standard inter-individual error A.
